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ABSTRACT 


Stereoscopic  imaging  with  a  scanning  electron  microscope  was  used  to  measure  stretch 
zone  width  on  the  fracture  surfaces  of  side  grooved  HSLA  80  SENB  fracture  specimens 
which  were  tested  over  a  range  of  temperatures  (-42°C  to  22°C)  and  loading  rates  (0.01  to 
27 10  mm/s).  The  data  were  examined  to  determine  the  relationship  between  stretch  zone 
width  and  temperature  at  constant  loading  rate,  and  the  relationship  between  stretch  zone 
width  and  loading  rate  at  constant  temperature.  Measurement  error,  the  limited  number  of 
data  points,  and  intrinsic  variability  collectively  limit  the  confidence  with  which  trends 
could  be  determined.  For  loading  rates  below  2  mm/s,  the  stretch  zone  width  increased 
with  temperature  until  a  limiting  temperature  of  -20°C  was  reached.  Beyond  this 
temperature  the  variation  in  stretch  zone  was  less  than  the  measurement  error.  At  a  loading 
rate  of  2710  mm/s,  the  stretch  zone  width  appeared  to  increase  linearly  with  temperature 
over  the  range  of  -5°C  to  15°C.  The  variation  in  stretch  zone  width  with  loading  rate  was 
less  than  the  measurement  error  over  the  range  of  0.01  to  60  mm/s.  There  appeared  to  be  a 
decrease  in  stretch  zone  width  when  the  loading  rate  was  increased  to  2710  mm/s.  For 
specimens  which  exhibited  stable  crack  growth  after  blunting,  the  stretch  zone  width  was 
greater  in  the  central  region  of  the  specimen  than  at  the  edges.  For  specimens  which 
exhibited  unstable  (brittle)  crack  extension  immediately  after  the  stretch  zone,  the  stretch 
zone  width  was  essentially  uniform  across  the  specimen. 


RESUME 


On  a  utilise  1’imagerie  stereoscopique  avec  un  microscope  electronique  a  balayage  pour 
mesurer  la  iargeur  de  la  zone  d'allongement  sur  les  surfaces  de  rupture  d'eprouvettes 
d'acier  haute  resistance  faiblement  allie  (HSLA)  80  SENB  qui  ont  ete  testees  sur  une  plage 
de  temperatures  (-42  °C  a  22  °C)  et  de  vitesses  de  chargement  (0,01  a  2710  mm/s).  On  a 
examine  les  donnees  afin  de  determiner  la  relation  entre  la  Iargeur  de  la  zone  d'allongement 
et  la  temperature  a  vitesse  de  chargement  constante,  et  la  relation  entre  la  Iargeur  de  la  zone 
d'allongement  et  la  vitesse  de  chargement  a  temperature  constante.  Les  erreurs  de  mesure, 
le  nombre  limite  de  points  de  donnees  et  la  variability  intrinseque  contribuent  ensemble  a 
limiter  le  degrd  de  confiance  avec  lequel  les  tendances  pourraient  etre  determinees.  Aux 
vitesses  de  chargement  inferieures  k  2  mm/s,  la  Iargeur  de  la  zone  d'allongement  augmentait 
avec  la  temperature  jusqu'k  de  cette  temperature  limite  de  -20  °C  soit  atteinte.  Au-delh  de 
cette  temperature,  la  variation  de  Iargeur  de  la  zone  d'allongement  etait  moint  importante 
que  l'erreur  sur  la  mesure.  A  une  vitesse  de  chargement  de  2710  mm/s,  la  Iargeur  de  la 
zone  d’allongement  semblait  augmenter  de  fapon  lineaire  en  fonction  de  la  temperature  sur 
la  plage  de  -5  °C  ^  15  °C.  La  variation  de  la  Iargeur  de  la  zone  d’allongement  en  fonction  de 
la  vitesse  de  chargement  etait  moins  importante  que  l'erreur  sur  la  mesure  sur  la  plage  de 
0,01  a  60  mm/s.  II  semblait  se  produire  une  reduction  de  la  Iargeur  de  la  zone 
d’allongement  lorsque  la  vitesse  de  chargement  etait  augmentee  jusqu'it  2710  mm/s.  Dans 
les  cas  des  eprouvettes  qui  presentaient  une  propagation  stable  des  fissures  apre 
emoussement,  la  Iargeur  de  la  zone  d'allongement  etait  plus  grande  dans  la  region  centrale 
de  l'dprouvette  que  sur  les  bords.  Dans  le  cas  des  eprouvettes  qui  presentaient  une 
propagation  instable  (fragile)  des  fissures  immediatement  apres  la  zone  d'allongement,  la 
Iargeur  de  la  zone  d'ailongement  etait  a  toute  fin  pratique  uniforme  sur  toute  la  iargeur  de 
l'eprouvette. 
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1.1 

1.  INTRODUCTION 

A  series  of  fracture  toughness  tests  was  conducted  on  side-grooved  HSLA  80  steel  SENB 
specimens  using  a  range  of  test  temperatures  and  loading  rates.  This  report  describes  the  stretch  zones 
found  on  the  fracture  surfaces  of  these  specimens,  identifies  the  critical  CTOD  and  J  values  which  were 
determined  from  stretch  zone  width  measurements,  and  identifies  trends  in  toughness  data  with  respect 
to  test  temperature  and  loading  rate. 

The  fracture  toughness  of  a  material  can  be  determined  based  on  the  measurement  of  a  fracture 
surface  feature  called  the  stretch  zone.  A  stretch  zone  is  formed  during  crack  tip  blunting  from 
deformed  grains  that  were  originally  part  of  the  fatigue  surface  [1],  A  model  of  a  stretch  zone  is 
sketched  in  Figure  1.1  [2],  The  stretch  zone  can  be  identified  on  a  fracture  surface  as  the  region  on 
the  fatigue  surface  between  the  points  where  yielding  initiates  and  stable  tearing  initiates.  Figure  1.2 
shows  the  relationship  between  the  J  integral  and  stretch  zone  width.  Since  the  stretch  zone  is  fully 
formed  at  the  initiation  of  tearing,  the  critical  J  and  COD  values  can  be  determined  by  stretch  zone 
width.  For  plane  strain  conditions,  Jc  can  be  calculated  from  stretch  zone  width  using  the  following 
[3]: 

J  =  2m  a  SZW  (1.1) 

c  y 

where  ay  is  the  flow  stress  (equal  to  the  average  of  the  yield  stress  and  the  ultimate  tensile  strength), 
SZW  is  the  average  stretch  zone  width,  and  m  is  a  factor  between  one  and  two..  For  SENB  fracture 
specimens  with  a/W  =  0.5,  the  value  of  m  is  approximately  two. 

From  the  model  depicted  in  Figure  1.1,  the  critical  plastic  crack  tip  opening  displacement 
(CTODcp)  is  simply  twice  the  stretch  zone  width: 

CTOD  =  2  SZW 

cp 


(1.2) 


szw 

c 


FIGURE  1.1:  Model  of  a  stretch  zone. 


FIGURE  1.2:  The  relationship  between  J  and  stretch  zone  width. 
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2.1 


2.  EXPERIMENTAL  PROCEDI IRF. 

The  fracture  surfaces  were  cleaned  in  order  to  remove  rust  and  other  debris.  Replica  stripping 
was  used  to  remove  most  of  the  rust  and  debris  from  the  fracture  surfaces.  Cellulose  acetate  tape  was 
softened  in  acetone  for  six  seconds  and  then  applied  to  the  fracture  surface.  The  tape  was  allowed  to 
dry  for  10  minutes  and  was  then  peeled  off.  This  was  repeated  until  debris  was  no  longer  picked  up 
by  the  tape.  In  instances  where  some  tape  may  have  remained  on  the  fracture  surface,  the  specimens 
were  cleaned  in  acetone  with  the  aid  of  an  ultrasonic  bath. 

Examination  of  the  stretch  zones  on  the  fracture  surfaces  were  made  using  a  scanning  electron 
microscope.  Stretch  zone  width  measurements  were  made  at  four  positions  along  the  fatigue  crack 
front  as  shown  in  Figure  2.1.  The  two  outside  measurements  were  taken  0.005  W  (0.25  mm)  from 
the  side  grooves  and  the  two  central  measurements  were  taken  at  2.5  mm  from  the  centre  (the  two 
central  positions  correspond  to  positions  four  and  six  using  the  ASTM  E813  nine  point  crack  length 
measurement  system).  Stereoscopic  images  were  taken  of  the  stretch  zone  at  each  of  these  four 
positions.  This  was  accomplished  by  taking  SEM  images  of  the  stretch  zone  at  -6,  +6  and  0°  relative 
to  a  plane  normal  to  the  incident  electron  beam.  The  stretch  zone  was  oriented  so  that  it  was  parallel 
to  the  tilt  axis  of  the  SEM  stage.  The  first  image  was  focused  by  adjusting  the  lens  current  of  the  SEM 
which  is  normal  operating  procedure.  The  other  two  images  taken  at  the  same  location  were  focused 
by  adjusting  the  height  of  the  specimen  stage.  This  ensured  that  the  three  images  were  taken  at  the 
same  magnification  [4],  Projection  distortions  were  minimized  by  using  magnifications  in  excess  of 
100  times,  where  projection  distortion  is  negligible,  and  by  placing  the  stretch  zone  on  the  optic  axis, 
where  projection  distortion  is  the  smallest  [4],  The  stretch  zone  images  were  examined  using  a  mirror 
stereoscope  with  the  image  taken  at  -6°  placed  on  the  left  and  the  image  taken  at  +6°  placed  on  the 
right.  The  stereoscope  presents  a  three-dimensional  image  of  the  stretch  zone  which  allows  the 
beginning  and  end  of  the  stretch  zone  to  be  identified  on  the  image  taken  at  0° .  Once  the  limits  of  the 
stretch  zone  are  identified,  10  equally  spaced  stretch  zone  width  measurements  are  made  across  the 
image  taken  at  0  degrees.  Since  the  images  were  recorded  at  the  four  positions  described  above,  40 
stretch  zone  width  measurements  were  made  on  each  specimen. 
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FIGURE  2.1:  Location  of  stretch  zone  width  measurements  made  on  the  fracture  surfaces. 
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3.1 


3.  RESULTS  AND  DISCUSSION 

A  summary  of  the  results  are  given  in  Table  3.1  including  the  calculated  values  of  Jc  and 
CTODcp  from  SZW.  Jc  and  CTODcp  were  calculated  from  average  SZW  using  Equations  1.1  and  1.2, 
respectively. 

3.1  Stretch  Zone  Width  Measurement  Errors 


Systematic  errors  in  stretch  zone  width  measurement  are  insignificant  except  for  SEM 
magnification  error  which  was  determined  to  be  ±5%  based  on  a  standard  grid.  The  magnification 
error  is  expected  to  be  the  same  for  all  measurements.  In  addition  to  the  systematic  errors,  there  is 
also  some  uncertainty  in  the  stretch  zone  width  measurements  because  of  the  difficulty  in  determining 
where  the  stretch  zone  begins  and  ends.  The  error  in  stretch  zone  width  from  all  causes  was  estimated 
to  be  less  than  20  %  of  the  average  stretch  zone  width. 

3.2  Stretch  Zone  Width  Variability 

The  stretch  zones  exhibited  two  types  of  intrinsic  variability.  The  first  type  comes  from  the 
variation  in  stretch  zone  width  in  each  image.  The  variation  of  the  10  points  measured  across  an  image 
resulted  in  a  standard  deviation  that  was  less  than  25  %  of  the  local  average  for  the  majority  of  the 
images.  However,  several  positions  showed  standard  deviations  as  high  as  34%  to  37%.  The  bars 
shown  in  Figures  3.1  through  3.12  indicate  the  minimum  and  maximum  stretch  zone  width  for  the  10 
points  measured  on  each  image.  The  second  type  of  intrinsic  variability  comes  from  stretch  zone  width 
variation  across  the  fatigue  crack  front.  For  specimens  that  exhibited  stable  tearing  after  blunting,  the 
stretch  zone  width  is  greater  in  the  centre  of  the  specimen  than  at  the  edges.  Figures  3.1  through  3.6 
show  typical  curves  of  stretch  zone  width  measured  along  the  fatigue  crack  front  for  specimens  tested 
at  a  variety  of  temperatures  and  loading  rates.  For  specimens  that  exhibited  unstable  (brittle)  crack 
extension  after  blunting  (specimens  2,  16,  27,  31,  32,  33),  the  stretch  zone  width  is  essentially  uniform 
across  the  fatigue  crack  front.  Figures  3.7  through  3.12  show  the  stretch  zone  width  measured  along 
the  fatigue  crack  front  for  the  specimens  which  underwent  unstable  crack  extension.  Figure  3.13 
shows  SEM  micrographs  of  specimens  which  show  stable  crack  growth  after  the  stretch  zone  and 
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3.2 


unstable  crack  extension  after  the  stretch  zone.  Appendix  A  contains  SEM  micrographs  of  the  stretch 
zones  from  all  the  fracture  surfaces  examined. 

3.3  Stretch  Zone  Width  Variation  with  Temperature 

Figures  3.14  through  3.18  show  the  variation  in  stretch  zone  width  with  temperature  for  a 
variety  of  loading  rates.  The  bars  in  these  figures  indicate  the  minimum  and  maximum  stretch  zone 
width  measured  on  the  fracture  surface.  For  the  lowest  loading  rate  (0.02  mm/s),  the  variation  in 
stretch  zone  width  between  each  temperature  is  less  than  the  measurement  error.  For  the  lower  loading 
rates,  there  is  a  general  increase  in  fracture  toughness  with  temperature  until  a  limiting  temperature  is 
reached  at  approximately  -20°C.  Above  this  temperature  limit,  the  variation  in  stretch  zone  width  is 
less  than  the  measurement  error.  This  trend  can  be  explained  by  the  test  temperature  passing  from  the 
materials  transition  temperature  range  to  the  upper  shelf  temperature  range.  However,  as  the  loading 
rate  increases,  the  relationship  between  stretch  zone  width  and  temperature  appears  to  become  linear. 
Figure  3.18  shows  that  stretch  zone  width  increases  linearly  with  temperature  at  a  loading  rates  of  2710 
mm/s.  It  should  be  noted  that  the  difference  in  stretch  zone  width  between  each  temperature  in  Figure 
3.18  is  greater  than  the  measurement  error.  It  is  difficult  to  tell  whether  this  trend  is  real  (or  an 
artifact  of  the  measurement  error/scatter)  due  to  the  measurement  error  and  the  limited  number  of  data 
points  for  the  higher  loading  rate. 

3.4  Stretch  Zone  Width  Variation  with  Loading  Rate 

Figures  3.19  through  3.23  show  the  variation  in  stretch  zone  width  with  loading  rate  for  a 
given  temperature  range.  The  temperature  ranges  are  kept  small  (1  to  2°C)  for  the  colder 
temperatures.  The  specimens  tested  above  -5°C  are  plotted  together  as  the  material  is  then  well  into 
the  upper  shelf  temperature  range  for  static  loading  rates  as  discussed  earlier.  For  the  specimens  tested 
at  or  below  -5°C,  the  variation  in  stretch  zone  width  with  loading  rate  is  less  than  the  measurement 
error.  However,  the  loading  rates  used  at  these  colder  temperatures  did  not  exceed  60  mm/s.  For  the 
specimens  tested  above  -5°C,  the  difference  in  stretch  zone  width  for  specimens  below  60  mm/s  and 
those  at  2710  mm/s  is  greater  than  the  measurement  errors/scatter  in  stretch  zone  width.  Thus,  there 
appears  to  be  a  small  decrease  in  stretch  zone  width  for  loading  rates  of  2710  mm/s  for  these 
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3.3 


specimens.  It  should  be  noted  that  the  three  specimens  loaded  at  2710  mra/s  exhibited  unstable  crack 
extension  after  stretch  zone  formation. 
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3.4 


TABLE  3.1:  Summary  of  SZW  Measurements 

Specimen 

Number 

Average 

SZW 

Minimum 

SZW 

Maximum 

SZW 

Temperature 

(°C) 

Crosshead 
Rate  (m/s) 

Jc  (kJ/m2) 

CTODcp 

pm 

1 

158 

73 

309 

-42 

0.02 

593 

316 

2 

71 

32 

95 

-30 

0.2 

266 

141 

3 

198 

88 

369 

-30 

0.02 

746 

397 

4 

223 

115 

359 

-20 

0.2 

839 

446 

5 

187 

70 

275 

-20 

0.02 

701 

373 

6 

205 

67 

460 

-20 

0.02 

770 

410 

7 

225 

96 

440 

-10 

0.2 

844 

449 

8 

245 

120 

368 

-10 

2 

919 

489 

9 

182 

103 

266 

-10 

20 

683 

364 

10 

184 

102 

319 

-15 

2 

690 

367 

11 

188 

42 

431 

1 

20 

706 

376 

12 

232 

109 

331 

-15 

0.2 

873 

465 

13 

226 

141 

285 

1 

60 

848 

451 

14 

221 

85 

386 

-15 

0.2 

830 

442 

15 

183 

v  66 

350 

-15 

0.02 

686 

365 

16 

104 

57 

138 

-22 

2 

392 

209 

20 

208 

76 

370 

-32 

0.04 

781 

416 

21 

178 

104 

271 

-32 

0.175 

670 

357 

22 

158 

74 

291 

-31 

1.75 

594 

316 

23 

191 

89 

358 

-22 

0.4 

718 

382 

24 

157 

63 

236 

-20 

1.75 

590 

314 

25 

169 

66 

342 

22 

0.01 

634 

338 

26 

156 

109 

216 

-30 

17.5 

584 

311 

27 

29 

3 

61 

-41 

1.75 

109 

58 

31 

73 

55 

107 

-5 

2710 

273 

145 

32 

148 

83 

199 

15 

2710 

557 

297 

33 

111 

68 

149 

5 

2710 

415 

221 
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Specimen  #10  (-30  degrees  C,  2  mm/s) 


0  2  4  9  8  10  12  14  16  18  20 

Position  along  crack  (mm) 


FIGURE  3.1:  Stretch  zone  width  variation  along  the  crack  front  for  specimen  10  which 
exhibited  ductile  tearing  after  the  stretch  zone. 
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Specimen  #13  (1  degree  C,  60  mm/s) 


Position  along  crack  (mm) 


FIGURE  3.2:  Stretch  zone  width  variation  along  the  crack  front  for  specimen  13  which 
exhibited  ductile  tearing  after  the  stretch  zone. 
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Specimen  #15  (-15  degrees  C,  0.02  mm/s) 


0  2  4  6  8  10  12  14  16  18  20 


Position  along  crack  (mm) 


FIGURE  3.3:  Stretch  zone  width  variation  along  the  crack  front  for  specimen  15  which 
exhibited  ductile  tearing  after  the  stretch  zone. 
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Specimen  #25  (22  degrees  C,  0.01  mm/s) 


FIGURE  3.4:  Stretch  zone  width  variation  along  the  crack  front  for  specimen  25  which 
exhibited  ductile  tearing  after  the  stretch  zone. 
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Specimen  #26  (-30  degrees  C,  17.5  mm/s) 


S  250 
§ 

S  200 


6  8  10  12  14 

Position  along  crack  (mm) 


18  20 


FIGURE  3.5:  Stretch  zone  width  variation  along  the  crack  front  for  specimen  26  which 
exhibited  ductile  tearing  after  the  stretch  zone. 
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FIGURE  3.6:  Stretch  zone  width  variation  along  the  crack  front  for  specimen  3  which 
exhibited  ductile  tearing  after  the  stretch  zone. 
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Specimen  #16,  -22  degrees  C,  2  mm/s 


c  250 
o 

S 

E  200 


6  8  10  12  14  16  18  20 

Position  along  crack  (mm) 


FIGURE  3.7.  Stretch  zone  width  variation  along  the  crack  front  for  specimen  16  which 
exhibited  cleavage  fracture  after  the  stretch  zone. 
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Specimen  #2,  -30  degrees  C,  0.2  mm/s 


FIGURE  3.8:  Stretch  zone  width  variation  along  the  crack  front  for  specimen  2  which 
exhibited  cleavage  fracture  after  the  stretch  zone. 
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Specimen  #27,  -41  degrees  C,  1.75  mm/s 


2  250 
o 

b 

£  200 


6  8  10  12  14  II 

Position  along  crack  (mm) 


18  20 


FIGURE  3.9:  Stretch  zone  width  variation  along  the  crack  front  for  specimen  27  which 
exhibited  cleavage  fracture  after  the  stretch  zone. 
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Specimen  #31,  -5  degrees  C,  2710  mm/s 


FIGURE  3.10:  Stretch  zone  width  variation  along  the  crack  front  for  specimen  31  which 
exhibited  cleavage  fracture  after  the  stretch  zone. 
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Specimen  #32,  15  degrees  C,  2710  mm/s 


Position  along  crack  (mm) 


FIGURE  3.11.  Stretch  zone  width  variation  along  the  crack  front  for  specimen  32  which 
exhibited  cleavage  fracture  after  the  stretch  zone. 


P152127.PDF  [Page:  32  of  107] 


Specimen  #33,  5  degrees  C,  2710  mm/s 


Position  along  crack  (mm) 


FIGURE  3. 12:  Stretch  zone  width  variation  along  the  crack  front  for  specimen  33  which 
exhibited  cleavage  fracture  after  the  stretch  zone. 
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SZW  Variation  with  Temperature 

(Crosshead  Rate  =  0.02  mm/s) 


FIGURE  3. 14:  Stretch  zone  width  variation  with  temperature  for  specimens  tested  with 

0.02  mm/s  crosshead  rate. 
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SZW  Variation  with  Temperature 

(Crosshead  Rate  =  0.2  mm/s) 


-50  -45  -40  -35  -30  -25  -20  -1 5  -1 0  -5  0  5  1 0  1 5  20  25 

Test  Temperature  (degrees  C) 


FIGURE  3.15:  Stretch  zone  width  variation  with  temperature  for  specimens  tested  with 

0.2  mm/s  crosshead  rate. 
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SZW  Variation  with  Temperature 

(Crosshead  Rate  =  1.75  mm/s) 


Test  Temperature  (degrees  C) 


FIGURE  3.16:  Stretch  zone  width  variation  with  temperature  for  specimens  tested  with  a 

1.75  mm/s  crosshead  rate. 
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SZW  Variation  with  Temperature 


(Crosshead  Rate  =  2  mm/s) 


FIGURE  3.17:  Stretch  zone  width  variation  with  temperature  for  specimens  tested  with 

2  mm/s  crosshead  rate. 
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SZW  Variation  with  Temperature 


(Crosshead  Rate  =  2710  mra/s) 


FIGURE  3.18:  Stretch  zone  width  variation  with  temperature  for 
specimens  tested  with  a  2710  mm/s  crosshead  rate 


SZW  (microns 
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SZW  Variation  with  Crosshead  Rate 

(Temperature  =  -32  to  -30  degrees  C) 


0.01  0.10  1.00  10.00  100.00 
Crosshead  Rate  (mm/s) 


FIGURE  3.19:  Stretch  zone  width  variation  with  loading  rate  for  specimens  tested 

between  -32°C  and  -30°C. 
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SZW  Variation  with  Crosshead  Rate 


(Temperature  =  -22  to  -20  degrees  C) 


Crosshead  Rate  (mni/s) 


I 

I 

I 

I 

I 

I 

I 
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FIGURE  3.20:  Stretch  zone  width  variation  with  loading  rate  for  specimens  tested 

between  -22°C  and  -20°C. 


SZW  (microns) 
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SZW  Variation  with  Crosshead  Rate 

(Temperature  =  -15  degrees  C) 


FIGURE  3.21: 


Stretch  zone  width  variation  with  loading  rate  for  specimens  tested  at 


15°C. 


SZW  (microns) 
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SZW  Variation  with  Crosshead  Rate 

(Temperature  =  -10  degrees  C) 


Crosshead  Rate  (mm/s) 


FIGURE  3.22:  Stretch  zone  width  variation  with  loading  rate  for  specimens  tested  at  -I0°C. 


SZW  (microns’ 
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SZW  Variation  with  Crosshead  Rate 

(Temperature  =  -5  to  22  degrees  C) 


Crosshead  Rate  (mm/s) 


FIGURE  3.23:  Stretch  zone  width  variation  with  loading  rate  for  specimens  tested 

between  -5°C  and  22°C. 
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4.1 


4.  CONCLUSIONS 


For  loading  rates  below  2  mm/s  there  is  a  increase  in  stretch  zone  width  with  temperature  until 
the  upper  shelf  temperature  range  is  reached  at  -20° C.  Above  -20 °C  the  average  stretch  zone  width 
does  not  vary  by  more  than  the  measurement  error.  At  2710  mm/s  the  stretch  zone  width  increases 
linearly  with  temperature  between  -5°C  and  15 °C. 

For  specimens  tested  below  -5°C,  the  variation  in  stretch  zone  width  with  loading  rate,  at 
constant  temperature,  is  less  than  the  measurement  error  over  the  range  of  loading  rates  tested  (0.01  - 
60  mm/s).  For  temperatures  above  -5°C  specimens  tested  at  loading  rates  of  2710  mm/s  show  a 
decrease  in  stretch  zone  width  compared  to  those  tested  at  loading  rates  below  60  mm/s. 
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FIGURE  A.4:  Specimen  1,  Position  4  (484  X). 
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FIGURE  A.8:  Specimen  2,  Position  4  (473  X). 
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FIGURE  A.  12:  Specimen  3,  Position  4  (208  X) 
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FIGURE  A.  16:  Specimen  4,  Position  4  (199  X) 
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FIGURE  A.20:  Specimen  5,  Position  4  (298  X). 
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FIGURE  A.23:  Specimen  6,  Position  3  (125  X). 


FIGURE  A.24:  Specimen  6,  Position  4  (252  X). 
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FIGURE  A.28:  Specimen  1,  Position  4  (305  X). 
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FIGURE  A.31:  Specimen  8,  Position  3  (137  X). 


FIGURE  A.32:  Specimen  8,  Position  4  (137  X) 
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FIGURE  A.35:  Specimen  9,  Position  3  (160  X). 
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FIGURE  A.36:  Specimen  9,  Position  4  (241  X) 
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FIGURE  A.40:  Specimen  10,  Position  4  (184  X). 
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FIGURE  A.41:  Specimen  11,  Position  1  (218  X) 


FIGURE  A. 42:  Specimen  1 1,  Position  2  (108  X). 
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FIGURE  A. 44:  Specimen  1 1,  Position  4  (192  X). 
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FIGURE  A.48:  Specimen  12,  Position  4  (246  X) 
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FIGURE  A.54:  Specimen  14,  Position  2  (176  X). 
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FIGURE  A.56:  Specimen  14,  Position  4  (132  X). 
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FIGURE  A.64:  Specimen  16,  Position  4  (259  X) 
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FIGURE  A .66:  Specimen  20,  Position  2  (108  X) 
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FIGURE  A.68:  Specimen  20,  Position  4  290(  X). 
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FIGURE  A.72:  Specimen  21,  Position  4  (270  X). 
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FIGURE  A.76:  Specimen  22,  Position  4  (270  X). 
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FIGURE  A. 88:  Specimen  25,  Position  4  (249  X). 
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FIGURE  A.92:  Specimen  26,  Position  4  (257  X). 
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FIGURE  A.  100:  Specimen  31,  Position  4  (291  X). 
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FIGURE  A.  108:  Specimen  33,  Position  4  (374  X). 
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Stereoscopic  imaging  with  a  scanning  electron  microscope  was  used  to  measure  stretch 
zone  width  on  the  fracture  surfaces  of  side  grooved  HSLA  80  SENB  fracture  specimens 
which  were  tested  over  a  range  of  temperatures  (-42°C  to  22°C)  and  loading  rates  (0.01  to 
2710  mm/s).  The  data  were  examined  to  determine  the  relationship  between  stretch  zone 
width  and  temperature  at  constant  loading  rate,  and  the  relationship  between  stretch  zone 
width  and  loading  rate  at  constant  temperature.  Measurement  error,  the  limited  number  of 
data  points,  and  intrinsic  variability  collectively  limit  the  confidence  with  which  trends 
could  be  determined.  For  loading  rates  below  2  mm/s,  the  stretch  zone  width  increased 
with  temperature  until  a  limiting  temperature  of  -20°C  was  reached.  Beyond  this 
temperature  the  variation  in  stretch  zone  was  less  than  the  measurement  error.  At  a  loading 
rate  of  2710  mm/s,  the  stretch  zone  width  appeared  to  increase  linearly  with  temperature 
over  the  range  of  -5°C  to  15°C.  The  variation  in  stretch  zone  width  with  loading  rate  was 
less  than  the  measurement  error  over  the  range  of  0.01  to  60  mm/s.  There  appeared  to  be  a 
decrease  in  stretch  zone  width  when  the  loading  rate  was  increased  to  2710  mm/s.  For 
specimens  which  exhibited  stable  crack  growth  after  blunting,  the  stretch  zone  width  was 
greater  in  the  central  region  of  the  specimen  than  at  the  edges.  For  specimens  which 
exhibited  unstable  (brittle)  crack  extension  immediately  after  the  stretch  zone,  the  stretch 
zone  width  was  essentially  uniform  across  the  specimen. 
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